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Abstract: Alzheimer’s disease (AD) is a frequent and disabling neurodegenerative disorder, in
which astrocytes participate in several pathophysiological processes including neuroinflammation,
excitotoxicity, oxidative stress and lipid metabolism (along with a critical role in apolipoprotein E
function). Current evidence shows that astrocytes have both neuroprotective and neurotoxic effects
depending on the disease stage and microenvironmental factors. Furthermore, astrocytes appear to
be affected by the presence of amyloid-beta (Aβ), with alterations in calcium levels, gliotransmission
and proinflammatory activity via RAGE-NF-κB pathway. In addition, astrocytes play an important
role in the metabolism of tau and clearance of Aβ through the glymphatic system. In this review, we
will discuss novel pharmacological and non-pharmacological treatments focused on astrocytes as
therapeutic targets for AD. These interventions include effects on anti-inflammatory/antioxidant
systems, glutamate activity, lipid metabolism, neurovascular coupling and glymphatic system,
calcium dysregulation, and in the release of peptides which affects glial and neuronal function.
According to the AD stage, these therapies may be of benefit in either preventing or delaying the
progression of the disease.

Keywords: Alzheimer’s disease; astrocytes; neurodegeneration; glial cells; excitotoxicity; neuroinflammation;
oxidative stress; amyloid; therapeutics

1. Introduction

Alzheimer’s disease (AD) is the most common form of dementia (accounting for 60%
to 80% of all dementias), and the most frequent neurodegenerative disease in the aging
population [1,2]. AD is a devastating neurological disorder that progressively impairs cog-
nition and memory, severely affecting the quality of life and well-being of patients, family
members and caregivers [3]. AD is a multifactorial disease characterized by selective neu-
rodegeneration, abnormal amyloid beta (Aβ) deposits and intracellular fibrillary tangles
composed of hyperphosphorylated tau protein [4]. Before amyloid burden, it has been pro-
posed that prefibrillar oligomers affect calcium homeostasis and synaptic transmission [5].
The development of all these pathological features correlates with the clinical appearance
of cognitive impairment and dementia [6]. In addition, exacerbated neuroinflammation
and oxidative stress have also been observed in brains from individuals with AD, and are
current topics of interest in the pathophysiological research of this disease [7]. Various
modifiable (diet, lack of exercise, etc.) and non-modifiable (i.e., advanced age) risk factors
have been reported for AD [8]. Among the non-modifiable risk factors, several genetic
alterations have been associated with either early-onset (familial) or sporadic/late-onset
AD forms [9]. For instance, the presence of apolipoprotein E ε4 (APOE-ε4) allele, is the main
genetic risk factor for late-onset disease [10], while early-onset disease is more frequently
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caused by mutations in the amyloid precursor protein (APP), presenilin 1 (PSEN1) and 2
(PSEN2) genes [11].

Astrocytes are the main homeostatic regulators of the central nervous system (CNS) [12].
These cells have crucial functions involving numerous physiological aspects of the brain
and spinal cord, including the supply of metabolic substrates to neurons and other glial
cells [13], the regulation of ions and neurotransmitters in the extracellular space [14], the
release of gliotransmitters [15], and the modulation of synaptic activity [16], among others.
Moreover, astrocytes provide intrinsic neuroprotection to neurons [17], and currently, these
neuroprotective features are being explored as potential therapeutic interventions in nu-
merous conditions such as stroke and neurodegeneration [18,19]. In addition, astrocytes are
functional constituents of the blood–brain barrier (BBB), the neurovascular unit (NVU) [20],
and the glymphatic system [21].

The role astrocytes play in AD is a growing topic of interest due to the involvement
of these cells in the pathophysiological processes underlying this disease [22,23]. Recent
research has highlighted the astrocyte’s involvement in neuroinflammation and oxida-
tive stress in AD [24], the beneficial and detrimental aspects of astrocyte reactivity in
AD pathophysiology [25], the astrocytic-amyloid relationship [26], and the importance of
astrocyte-neuron interactions in AD pathophysiological processes [27,28]. In AD, various
astrocytic functional processes such as calcium signaling, glutamate clearance, extracellular
potassium buffering, and energetic metabolism are compromised [29]. In addition, many
phenotypic changes have been reported in astrocytes in AD, depicting a large cellular
heterogeneity in this disease [30]. In AD experimental mice models, it has been shown that
astrocytes migrate in response to chemokines such as monocyte chemoattractant protein-1
(MCP-1), present in Aβ plaques, internalizing and degrading amyloid peptides [31,32].
Moreover, astrocytes, together with microglia, seem to be the drivers of the augmented
neuroinflammatory response reported in AD [33]. Furthermore, a recent study showed
that glypican-4 (a binding partner of APOE-ε4) secreted by astrocytes, induced tau hyper-
phosphorylation in a mouse tauopathy model [34]. These findings support an important
participation of astrocytes in AD and highlight the need to broaden our comprehension
of AD pathogenesis involving glial cells. This approach may allow the identification of
specific astrocytic biomarkers for AD [35], and the possibility of developing AD novel
therapeutics based on astrocyte’s pathways and functions [36,37]. The possible therapeutic
value of astrocytes in AD due to their role in senescence, neuroinflammation, neurotrophic
factor release and Aβ clearance, has been widely described [38,39]. In the present article,
we will review the effects of both known and novel molecules which act on astrocytes,
mentioning new developing therapeutics and pharmacological targets in oxidative stress,
neurovascular coupling, excitotoxicity, APOE modulation, among many others, and the
way these possible therapeutic approaches could modify either disease instauration or AD
progression. In addition, non-pharmacological therapies that impact astrocyte activity will
be discussed briefly.

2. Astrocytic Role in AD Pathophysiology: Recent Developments

Astrocytes are highly active cells that respond to both physiological and pathological
challenges [39]. Reactive astrocytes (RA) have the ability to adopt distinct states, influencing
both transient and long lasting changes in deleterious processes [25,40]. Characteristically,
RA have an increased expression of glial fibrillary acidic protein (GFAP), which is also
overexpressed in AD in response to Aβ [41]. Two contrasting gene expression profiles that
can be induced in RA have been proposed: the first one, termed A1, with predominant
neurotoxic properties, and the second, A2, with mostly neuroprotective functions [25]. A1
profile has been commonly expressed in neurodegenerative diseases like AD [42]. For
this A1 profile to be induced, microglia must secrete the cytokines interleukin-1α (IL-1α),
tumor necrosis factor (TNF), and the complement component 1, subcomponent q (C1q) [42].
However, some researchers believe that this binary classification is insufficient, suggesting
a broader spectrum for RA based on molecular and functional parameters [40]. RA have
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been detected in the prodromal phases of AD [35], and in those with elevated Aβ load [43],
suggesting that astrocyte reactivity occurs as an early phenomenon in AD pathogenesis.
Furthermore, a recent study showed that conditioned media derived from AD transgenic
(3xTg-AD) old astrocytes (but not from young ones) had neurotoxic effects in vitro [44].
These effects were found to involve a proapoptotic mechanism, dependent on glycogen
synthase kinase-3β (GSK3β) activation (a kinase involved in tau hyperphosphorylation),
and a proinflammatory response. Similarly, decreased calcium signaling and reduced IP3
receptor type 2 (IP3R2) expression in astrocytes was reported in human brains from individ-
uals with AD, and associated with early alterations of functional connectivity and network
activity in the APPNL-F mice model for AD [45]. In the same study, neuronal hyperactivity,
seizure susceptibility, behavioral disruptions and abnormal functional connectivity were
corrected when astrocytes returned to normal calcium signaling. In addition, astrocytes
have been shown to be involved in many other aspects of AD such as amyloid and tau
protein metabolism [46], neuroinflammation and oxidative stress [23], and alteration in
gliotransmission and neurotransmission [47,48], including excitotoxicity [49], among oth-
ers. These observations allude to an important role of astrocytes in AD pathogenesis and
development and assert the need to investigate therapeutic agents for AD involving these
glial cells.

2.1. Astrocytes in Tau Protein and Amyloid Metabolism

The “amyloid hypothesis” states that the accumulation of Aβ in the brain is responsible
for the development of AD and the associated behavioral and cognitive symptoms [50].
This hypothesis has been at the forefront of AD research for the past decades. However,
its potential as a therapeutic target in AD pathogenesis remains controversial [51,52].
Nonetheless, it has been reported that astrocytes and amyloid peptides share a connection
in AD. For instance, astrocytes have been shown to degrade Aβ plaques through enzymatic
cleaving [53], and also to internalize Aβ1–42 both in vitro and in vivo in mice [31], and
in vitro in human cells [54,55]. Furthermore, astrocytic activation (coinciding with beta-
secretase-1 (BACE1) activity) has been detected before amyloid deposition in transgenic
mice models with overexpressed mutant APP [56]. After stimulation with interferon gamma
(IFN-γ) and TNF, astrocytes increased the levels of BACE1 and APP, with a consequent
increase in Aβ production [57]. Although this implies that RA could be considered as a
major source of Aβ in the neuroinflammatory context of AD, astrocytes may also have
neuroprotective effects at the early stages of amyloid production.

APOE is involved in the homeostatic control of plasma and tissue lipid content, and
possesses three major isoforms, APOE-ε2, APOE-ε3 and APOE-ε4, of which APOE-ε3 is
the most commonly expressed [58]. Under normal conditions, astrocytes, together with
microglia, are the main producers of APOE in the CNS [59]. However, the expression
and secretion of APOE can be affected in an isoform- and cell-manner by the presence
of inflammation [60]. In fact, human astrocytes carrying the APOE-ε4 allele manifest a
pro-inflammatory phenotype, with increased activity of the nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-κB) [61]. The APOE-ε4 isoform has been considered
as an important genetic risk factor for developing sporadic late-onset AD (SAD) [62], and is
currently being explored as a biomarker for AD risk [63]. Research in AD transgenic mice,
suggest that the pathogenic role of APOE-ε4 involves both a noxious gain of function after
interacting with Aβ, and a loss of protective functions that alter astrocyte activation, precip-
itating synaptic loss [64]. Moreover, human carriers of the APOE-ε4 allele present more Aβ
plaques than those with APOE-ε3 or other isoforms [65]. Interestingly, the specific removal
of APOE-ε4 in astrocytes decreases phosphorylated tau and tau-associated neurodegenera-
tion [66]. These findings provide a link between the APOE-ε4 allele and AD pathogenesis,
suggesting that astrocyte-derived APOE-ε4 can be a regulator of tauopathies [67].

AD is considered a secondary tauopathy as it has other pathogenic drivers beside
tau deposition (mainly the aforementioned Aβ) [68]. Under pathological conditions, tau
is hyperphosphorylated, causing cytosolic aggregation of paired helical filaments and
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consequently neurofibrillary tangles, which are considered one of the features of AD [69].
Although AD shows predominantly neuronal tau pathology, thorn-shaped astrocytes with
perinuclear tau deposits have also been reported [70,71], particularly in aging-related tau
astrogliopathy models [72]. Furthermore, the presence of astrocytes with abnormal tau
aggregates are correlated with neurodegeneration, suggesting that astrocytes are capable
of internalizing this protein [73]. A recent transcriptomic study in post mortem human
brains with AD showed that differences in glial gene expression were correlated with
tissue amyloid or phosphorylated tau expression, with astrocytes showing enrichment for
proteostatic, inflammatory and metal ion homeostasis pathways [74]. In fact, single-nuclei
RNA-sequencing transcriptomics in post-mortem human brains with AD identified risk
loci associated with astrocytic-mediated tauopathy, such as the genes for clustering (CLU),
myocyte enhancer factor 2C (MEF2C) and IQ domain-containing protein K (IQCK) (a
calcium binding protein whose function remains unclear) [74]. CLU, also called apolipopro-
tein J, is an extracellular chaperone that strongly binds to tau promoting internalization
through endocytosis, possibly accelerating the spread of tau pathology [75]. Interestingly,
the CLU gene is one of the most important genetic risk factors for late onset AD [75,76].
Moreover, increased expression of CLU was associated with phosphorylated tau pathology
in astrocytes [74]. MEF2C is an AD risk-associated transcription factor consisting of four
proteins that play a central role in pathways affecting neuronal development [77]. MEF2C
mutations have been described as a genetic cause of developmental disorders [78], and
genome-wide association studies (GWAS) have shown that it is involved in AD risk and
progression [79–81]. In the case of IQCK, it was found to be highly expressed in astrocytes,
neurons and oligodendrocytes (but not in microglia) in AD human brains [82]. However,
other genes may also be involved in the relationship between Aβ and tau. For example,
the WW domain-containing oxidoreductase (WWOX) gene, a high-density-lipoprotein
cholesterol and triglyceride–associated gene which binds tau and has been involved in the
regulation of tau hyperphosphorylation, neurofibrillary tangle formation and Aβ aggre-
gation, was found to be mainly expressed in astrocytes and neurons from the brains of
individuals with AD [83]. Moreover, the astrocytic cyclin-dependent kinase 2-associated
protein 1 (CDK2AP1) has shown a significant association with cognitive function examina-
tions (Mini-Mental state examination test), neurofibrillary tangles and amyloid plaques in
human AD studies [84].

Tau uptake in astrocytes is mediated by the integrin complex alphaV/beta1 [85],
followed by lysosomal degradation or glymphatic clearance [67,86]. Astrocytic tau accumu-
lation in the dentate gyrus of individuals with AD has been shown to disrupt mitochondrial
function, thereby, impairing neurogenesis, reducing the number of interneurons, decreasing
the density of inhibitory synapses and reducing gamma oscillatory activity [87]. Further-
more, in the same paper, the authors observed that injection of neuregulin 1 peptide
(NRG1p) was able to rescue spatial memory impairments due to astrocytic tau accumu-
lation in C57BL/6 mice. Other researchers have identified astrocyte internalization of
extracellular tau oligomers with a corresponding alteration in intracellular calcium sig-
naling, hindered calcium gliotransmission and a compromise in ATP release [88]. These
effects resulted in changes on pre- and postsynaptic protein expression, and modifications
in synaptic activity in adjacent neurons. Moreover, tau accumulation in astrocytes can
induce the release of tau oligomers, precipitating propagation and spread of that protein
through the exosomal-dependent pathway [73]. In addition, astrocytes contain tunnelling
nanotubules, contributing to prion-like transfer and propagation of alpha-synuclein [89].
Thus, this same route of cytoplasm-to-cytoplasm transfer could also be used to deliver tau
from astrocytes to other cells in a similar manner to the intracellular propagation of tau in
neurons [73].

In summary, astrocytes participate in the internalization and degradation of Aβ; how-
ever, their abnormal activation under a pro-inflammatory context, leads to an increase in
Aβ production and release. This effect is also associated with the spread and accumulation
of tau within the astrocyte, affecting its proper functioning. Several genes widely expressed
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in astrocytes (i.e., APOE-ε4, WWOX, CLU and CDK2AP1, among others) are related to AD
risk and progression, and also have been implicated in the joint metabolism of Aβ and tau.
Therefore, activation of specific astrocyte pathways could be a key factor to promote Aβ
and tau clearance at early stages of AD progression. Amyloid clearance therapies based on
astrocytic modulation will be reviewed in Section 3.

2.2. Astrocytes, Neuroinflammation and Oxidative Stress

Astrocytes are involved in neuroinflammatory processes through activation of intra-
cellular pathways such as the NF-κB pathway, the production of nitric oxide (NO) and
reactive oxygen species (ROS), and the release of various proinflammatory cytokines in-
cluding IL-1β, IL-6 and TNF [24]. In addition, other factors can induce the production
of proinflammatory cytokines such as the glia maturation factor (GMF), which has been
found to be upregulated in AD [90]. However, astrocytes can also express and release anti-
inflammatory and neuroprotective factors [91]. Therefore, astrocytes may play a central
role in the neuroinflammatory processes observed in AD. Furthermore, impaired astrocytic
regulation increases cytotoxicity and oxidative stress, inducing production and aggregation
of Aβ plaques in AD [92]. In addition, there is evidence showing that Aβ1–42 oligomers
can induce oxidative stress via binding to the receptor for advanced glycation end prod-
ucts (RAGE) on astrocytes, and to induce ROS production through the activation of the
NADPH oxidase (NOX) complex [93,94]. Thus, astrocytes are involved in two important
pathological aspects of AD such as neuroinflammation and oxidative stress.

In AD, astrocytes and microglia are intimately related in the pathophysiological
processes of the disease. Experimental models of neuroinflammation show that glial
activation occurs at different stages, with an earlier activation of microglia followed by
an astrocytic activation response [95]. Recently, in the 5xFAD mouse model for AD, it
was shown that communication between microglia and astrocytes is mediated by IL-3,
produced by the latter, which instructs microglia to cluster around the Aβ plaques in order
to clear them, thus reducing Aβ load, and improving memory [96]. Moreover, some studies
have shown that IL-3 levels have been positively correlated with both AD risk and disease
severity [97–99]. Calcium dysregulation is another important aspect observed in AD, which
involves a crosstalk between astrocytes and microglia. A bidirectional relationship between
hyperactivity of calcium channels and calcium-calcineurin pathway with the subsequent
release of proinflammatory cytokines from glial cells have been described in animal models
of aging and in neurodegenerative conditions [100,101]. These effects not only impact
astrocyte activity, but also may affect synaptic plasticity and excitability in neurons.

Oxidative stress develops due to an imbalance between the production of free radicals
over antioxidants in the mitochondria [102]. In AD, oxidative stress appears secondary to
mitochondrial dysfunction, which may lead to synaptic Aβ-induced damage [103,104]. This
has been linked to increased levels of ROS and reactive nitrogen species (RNS) [105]. Under
physiological conditions, astrocytes are fundamental for neuronal antioxidant production,
since they synthesize and deliver amino acids such as glycine and cysteine for glutathione
(GSH) production in neurons [106,107].

GSH is one of the main endogenous antioxidant agents in the CNS. It is synthesized
mainly in astrocytes and is then released to the neuron through the ABCC1 transporter [108].
For this reason, in oxidative stress conditions such as AD, the activity and expression of
this transporter is increased to compensate for the antioxidative function. Aβ deposits can
alter the antioxidant function of astrocytes mediated by GSH, although this may depend
on the amyloid form (i.e., soluble or aggregated), and the duration of exposure [109]. For
instance, in vivo and in vitro studies have shown that monomeric forms of Aβ increase
ABCC1 expression in acute and late stages of AD [108,110]. However, one of those studies
showed that prolonged incubation with fibrillary forms of Aβ reduces expression of the
ABCC1 transporter in 5xFAD mice cortices [107]. Therefore, in amyloidosis models, ABCC1
transport activity is probably increased by an induction of its expression in astrocytes that
promotes GSH release as a protective mechanism against oxidative stress, although this
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mechanism is not sustained in the long-term. It has been observed that the Aβ isoforms
Aβ1–42 and Aβ25–35 increase hydrogen peroxide (H2O2) production and GSH release in as-
trocytes [111]. In fact, Aβ levels have shown to be directly correlated with ROS production,
with large amounts of ROS inducing a neurotoxic profile in astrocytes, through the expres-
sion of inducible nitric oxide synthase (iNOS), causing nitrosative stress and toxic nitration
in neurons [25]. The process of astrocytic iNOS stimulation due to Aβ has been shown
to be dependent of IL-1β and TNF, through a NF-κB inducing kinase (NIK)-dependent
signaling mechanism [112]. These findings suggest that the induction of neurotoxic versus
neuroprotective RA profiles are correlated with the level of ROS production.

There is a continuous cycle between neuroinflammation and oxidative stress, in which
one of these pathological processes induces the other and feeds-back positively. The way
both oxidative stress and neuroinflammation interact in the astrocyte is exemplified by
the RAGE-NF-κB pathway, an intracellular pathway which can be activated by Aβ. The
antioxidant effects in which astrocytes participate through the production and release of
GSH could have a neuroprotective role in early stages of AD. However, prolonged exposure
to amyloid may cause an impairment in these physiological mechanisms, increasing the
production of free radicals. Finally, this abnormal chronic activation of astrocytes promotes
brain inflammation through cytokine interactions with microglial cells.

2.3. Astrocyte Role in Gliotransmission and Excitotoxicity

Astrocyte participation in memory and other cognitive processes is essential, since
both synaptic transmission and plasticity depend on the astrocytic control of gliotransmit-
ters and neurotransmitters involved in excitatory neurotransmission (mainly glutamate),
necessary for the regulation of both long-term potentiation (LTP) and long-term depression
(LTD) [113]. Astrocytes are also involved in the structural remodeling and functional
plasticity of synapses [16]. Thus, abnormal astrocytic signaling is implicated in cognitive
impairment in AD, even at prodromal or early AD stages [15]. These findings have made
these cells an interesting new therapeutic target in the recovery of cognitive functions
before neurodegeneration is established [113].

Astrocytes are engaged in the regulation of synaptic function through the release of
gliotransmitters such as glutamate, glycine, gamma-aminobutyric acid (GABA), D-serine
and ATP [114]. Cumulative and recent evidence highlight the role of astrocytic GABAergic
systems in the pathophysiology of AD, as well as a possible target for pharmacological
interventions (for review see [115]). Several human studies and animal models indicate
an increase in GABAergic function and GABA contents in RA close to amyloid plaques,
associated with memory impairment [116,117]. Correspondingly, it has been proposed
that selective antagonists of astrocytic GABA in determined brain regions could reduce
cognitive deterioration in AD, though this blocking could be technically difficult. On the
other hand, considering the anti-inflammatory effects of GABA receptors (GABA A and
B) activation in cultured human astrocytes [118], and their role in the control of neuronal
hyperexcitability, it has been proposed that this effect may be a compensatory mechanism
to reduce neurodegeneration at early stages of AD [116]. For this reason, the therapeutic
modulation of the GABAergic system will depend on the AD stage, the affected brain
region, and the specific circuit dysfunction. The glutamate/GABA-glutamine cycle (a
metabolic pathway in which the astrocyte plays a main role) is also affected in AD, and
could be an interesting target of modulation [119]. Furthermore, it has been shown that
the GABAB-G protein-coupled inwardly rectifying potassium (GIRK) channel activity is
reduced by Aβ in the hippocampus of mice and rats [115,120], and that GIRK activation
may prevent both synaptic plasticity and memory impairments in amyloidosis in vivo
and ex vivo models [121,122]. Therefore, GIRK represents a very interesting therapeutic
target, taking into account its fundamental role in hippocampal function and, therefore,
in memory [123]. Likewise, several types of inwardly rectifying potassium channels are
expressed in astrocytes (i.e., Kir3.1 protein and Kir4.1-encoded by KCNJ10 gene) [124], but
their role in the pathophysiology of AD is still unknown.
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Excitotoxicity is associated with dysregulation in astrocyte–neuron signaling path-
ways [29]. In AD, excitotoxicity is considered a multicausal event arising from the combined
effects of dysfunctional glutamate re-uptake and enhanced glutamate release, leading to
overactivation of NMDA receptors, synaptic loss, and consequently, neuronal death [125].
Under physiological conditions, astrocytes remove about 90% of all released glutamate
in the CNS through the excitatory amino acid transporters 1 (EAAT1, also referred to as
GLAST-1) and 2 (EAAT2, also referred to as GLT-1) [126]. During AD progression, there
is a reduction in astroglial glutamate uptake that predisposes to excitotoxicity [127,128].
In the APPSw, Ind. mice AD model, restored EAAT2 function through a pharmacological
intervention (LDN/OSU-0212320), led to an improved cognitive function, a decrease in
amyloid plaques and a recovery of synaptic integrity [129]. Therefore, astrocytic regulation
of glutamate through EAAT’s can be considered as a therapeutic target for the reduction or
prevention of excitotoxicity in AD.

Astrocytes are deeply involved in CNS cellular signaling, including a very tight
control of synaptic glio and neurotransmission. In AD, both the excitatory and inhibitory
neurotransmitter systems are compromised. This leads to a poor regulation of synaptic
activity, in particular at the postsynaptic neuron, where these alterations can lead to either
excessive excitation or poor inhibition. For instance, the expression of EAATs is reduced in
AD, diminishing the capacity of the astrocyte to reuptake glutamate from the synaptic cleft,
thus increasing the possibility of excitotoxicity.

3. Astrocytes as a Therapeutic Target: Treatment and Neuroprotection Strategies Based
on Astrocyte Modulation

The neurocentric view of AD pathogenesis has proven to be an insufficient explanation
for the disease’s origin, and has restricted the development of new therapeutics [25].
Despite billions of dollars spent on AD research, there is a limited number of available
therapies. One of these, is the United States Food and Drug Administration (FDA) approved
aducanumab that targets Aβ, but it’s very expensive, and the two clinical trials that granted
FDA approval failed to show a conclusive benefit [130]. However, in a recent phase III
clinical trial (NCT03887455), a promising result was reported with lecanemab, an anti-Aβ
protofibril antibody that may reduce cognitive decline in patients with early AD [131]. One
explanation of the success of lecanemab may be due to an earlier intervention compared
with other studies, and because it was well tolerated by the participants. Since neuronal
death is a final cellular event of AD, there is a need to find therapeutic targets based on the
sequence of events of AD progression before neurodegeneration ensues. The controversies
surrounding the traditional AD models, and the recent interest in astrocytic physiology
and its role in neurological diseases, show that astrocyte pathways and functions can be
promising therapeutic targets in many CNS conditions.

Interest in astrocytes as a therapeutic target in AD arises from the multiple ways
in which they interact with known pathological processes underlying the disease, as
described previously. Considering that astrocytes are involved in multiple homeostatic
pathways, it is difficult to target one dysregulated pathway during AD progression without
affecting physiological or compensatory responses. In the present section we will review the
therapeutic approaches targeting astrocytes in AD regarding their main action mechanism.

3.1. Neuroinflammatory Control

Neuroinflammation has been linked to several neurodegenerative disorders, especially
AD. Recently, new evidence has shown that targeting inflammatory mechanisms may alter
disease progression in AD models through different pathways, such as the promotion of
Aβ-clearance, the release of trophic factors, antioxidants and metabolites, or through a
decrease in ROS generation [25]. As we mentioned before, the crosstalk between astrocytes
and microglia represents another important pathway to develop or maintain a neuroin-
flammatory response. Recently, IL-3 produced by astrocytes provided an important clue
of how this cellular interaction between astrocytes and microglia may occur in AD [96].
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As IL-3 signaling has been shown to direct microglia to reduce Aβ burden and improve
memory in animal models, it can be proposed as a novel therapeutic intervention for AD.
However, more studies are required since this approach depends on the delivery mode, as
peripheral IL-3 injection showed no effect on AD pathology.

In CNS, the complement component 3 (C3) is an astrocyte-released factor that may
induce neuronal damage via C3aR1 receptor. The expression of C3 and C3aR1 was found to
be positively correlated with cognitive decline and Braak staging in brains from individuals
with AD, suggesting that complement activation is correlated with AD pathology and
disease severity [132]. In the same paper, the authors reported that a deletion of C3aR1
in PS19 mice was able to reverse neurodegenerative features, rescue tau pathology and
reduce neuroinflammation. Interestingly, astrocyte-released C3 also mediates the crosstalk
between astrocytes and microglia, indicating a possible continuous cycle among neurons,
astrocytes, and microglia in tauopathy [67,133]. Considering that C3 overexpression acti-
vates the Janus kinase 2 (JAK2)/signal transducer and activator of transcription 3 (STAT3)
pathway [134], and that intracellular signaling is crucial in astrocyte reactivity and prolifer-
ation [135], it could be an interesting modulatory target for AD. Indeed, it has been shown
that astrocytic STAT3 overexpression induces neuroinflammation and neuronal death after
Aβ-oligomers microinjection in rats [136]. In addition, a study found that daphnetin (a
coumarin derived from the Daphne giraldii plant) could improve cognitive function in
the APP/PS1 mouse model of AD, possibly by inhibiting STAT phosphorylation [137].
Considering that phosphorylated STAT3 (p-STAT3) can enter the nucleus and bind to the
GFAP promoter to induce GFAP expression, this effect may limit astrocytes activation [138].
In addition, STAT3 deletion in the APP/PS1 mice model was related to smaller Aβ plaques,
increased Aβ clearance and reduced pro-inflammatory cytokine release [139]. In an AD
model induced by intracerebroventricular streptozotocin delivery in Wistar rats, it has been
shown that kaempferol reduced cognitive impairment, specifically through antioxidative
mechanisms such as an increase in the levels of superoxide dismutase (SOD) and GSH [140].
Although it was not tested in a specific AD model, kaempferol reduced the activation of
complement C3 and the neurotoxic astrocyte profile induced by 3-nitropropionic acid in
rats [141]. The mechanism proposed by the same authors indicates an anti-inflammatory
effect through reduced expression of NF-κB, which prevented the production of amyloid
in the striatum and hippocampus. Neuroprotective effects of kaempferol have been also
tested in focal stroke, where this molecule may inhibit the activation of STAT3 [142]. Fur-
thermore, the STAT pathway proteins can be regulated by members of the STAT-induced
STAT inhibitor (SSI) family, such as the suppressor of cytokine signaling 3 (SOCS3) [143].
Astrocytic expression of SOCS3 and modulation of JAK2/STAT3 by this pathway, resulted
in reduced amyloid deposition, improved spatial learning and attenuation of neuroin-
flammation in APP/PS1dE9 transgenic mice [144]. A study in mice found that low-dose
aspirin can up-regulate SOCS3 in astrocytes and microglia by binding to the peroxisome
proliferator-activated receptor alpha (PPARα) both in vitro and in vivo, with SOCS3 ex-
pression increased in GFAP-positive astrocytes, suggesting that aspirin can be a potent
anti-inflammatory therapeutic target in AD [145].

A study conducted in rat neuronal and astrocytic cultures showed that the accumula-
tion of RA in response to Aβ-induced neuroinflammation increases caspase-3 activation,
tau production and neuronal death [146]. In the same study, through the use of minocycline,
a tetracycline antibiotic with anti-inflammatory properties, authors reported a decrease
in astrocytic and caspase-3 activation, with a consequent reduction in neuronal loss. Fur-
thermore, the administration of minocycline in a tau mouse model, reduced the number of
activated astrocytes, decreased the formation of abnormal tau species, and attenuated the
production of proinflammatory cytokines [147].

The upregulation of cyclooxygenase-2 (COX-2) and prostaglandins (PGs) contribute to
the pathogenesis of AD, particularly through PGE2 and PGI2, by inducing Aβ production
and triggering hyperphosphorylation of tau protein [148]. DP1, a prostaglandin recep-
tor, is overexpressed in astrocytes and microglia in amyloid plaques in both AD patients
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and Tg2576 mice [149]. This prostaglandin receptor has shown neuroprotective effects
against glutamate-induced neurotoxicity [150]. Physiologically, DP1 activation increases in
response to toxicity; therefore, as Aβ deposition occurs and neuroinflammation settles, DP1
activity rises in compensation [151]. Contrastingly, activation of DP2 receptors exacerbates
neuroinflammation via astrogliosis [152]. Although there are no particular studies regard-
ing its neuroprotective action in astrocytes, we propose two potential therapeutic targets to
control PGD2-induced neuroinflammation in AD. Firstly, the DP1 agonist, BW245C, which
has shown neuroprotective effects against ischemic brain damage [153], and secondly, the
DP2 antagonist BWA868C [154], which could possibly slow down neuroinflammation
in AD.

1-trifluoromethyl phenyl-3-(1-propionylpiperidin-4-yl) urea (TPPU), a small molecule
soluble epoxide hydrolase blocker (sEH), has shown promising results as an AD therapeutic.
TPPU can block astrocytic sEH up-regulation, and astrocyte-microglia interaction, with a
reduction in LPS-induced inflammation, both in vitro and in vivo [155]. Furthermore, TPPU
has shown to reduce oxidative stress damage and induce brain-derived neurotrophic factor
(BDNF) expression in the rat cell line PC-12 [156]. Reported evidence showed that TPPU can
also reduce inflammatory gene expression, presenting down-regulation of 73 inflammatory
genes, with an associated reversion of dysregulation in immune pathways [155]. TPPU can
also reduce gliosis, and the number and size of Aβ plaques, with cognitive improvement
being reported in the 5xFAD mouse AD model [157]. This suggests sEH as a promising
pathway of intervention for future AD therapeutics.

As mentioned in Section 2, several intracellular signaling pathways related with in-
flammatory responses and oxidative stress are involved in the pathophysiology of AD.
For instance, Aβ can activate the NF-κB pathway, responsible for the transcription of
pro-inflammatory cytokines and chemokines in astrocytes [158]. In a recent study, it has
been shown that isothiocyanates, such as sulforaphene (SF), possess neuroprotective and
anti-inflammatory effects through inhibition of both NF-κB pathway and PI3K/Akt/GSK-
3β in an AD-like pathology model, induced by streptozotocin [159]. In the same study, it
was shown that SF inhibited the phosphorylation of tau protein and improved cognitive
deficits. Another astrocytic related component is the nuclear factor erythroid-derived 2
(Nrf2), a transcription factor which contributes to astrocyte homeostasis through expression
of antioxidant proteins in response to oxidative and toxic insults [160]. Deletion of Nrf2 is
associated with enhanced inflammation while its upregulation decreases pro-inflammatory
responses and NF-kB transcription [161]. SF prevents oxidative stress induced by glu-
cose and oxygen deprivation in rat cortical astrocytes through stimulation of the Nrf2
pathway [162]. In a cellular model of AD, using mouse N2a/APPswe cells, SF exerted
anti-inflammatory and antioxidative effects [163]. SF also decreased amyloid expression
and tau phosphorylation, and reduced markers of synaptic damage [164]. In addition, it
has been reported that the beneficial effects of SF on Nrf2 activity preferentially occur in
astrocytes [165]. The activation of Nrf2 in these glial cells generates neuroprotection against
oxidative stress in a mouse model of amyotrophic lateral sclerosis [166]. Currently, a clinical
study evaluates the efficacy, safety and related mechanism of SF in the treatment of patients
in prodromal and early AD (NCT04213391). A recent study in a transgenic mouse model
of AD (3 × Tg-AD), used cornuside (a phytotherapeutic derived from Cornus officinalis),
reporting anti-inflammatory and neuroprotective effects due to the modulation of astrocyte
activity through AKT/Nrf2/NF-κB signaling [167]. These neuroprotective effects may also
regulate the phenotypic changes in the astrocytes and help prevent cognitive impairments.

In order to maintain homeostasis in the CNS, astrocytes have developed a plethora of
neuroprotective strategies, including the release of growth factors such as BDNF, GDNF,
nerve growth factor (NGF), platelet derived growth factor (PDGF) and insulin-like growth
factor 1 (IGF1), among others, which are fundamental for brain metabolism, oxidative
stress protection and cell viability [168]. Alterations in the function or expression of
these molecules have been reported in AD. For example, NGF levels have been found
to be reduced in the hippocampus of individuals with AD [169]. In addition, IGF1 sig-
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naling has also been reported to be impaired, as reduced active/inactive IGF1 ratio and
increased IGF1 receptor expression in post-mortem hippocampal tissue from AD patients
was observed [170]. Therefore, growth factors can also be considered as plausible thera-
peutic targets for this disease. Milk fat globule epidermal growth factor 8 (MFG-E8) is an
anti-inflammatory glycoprotein related to the engulfment of apoptotic bodies, primarily
expressed by astrocytes in the brain [171,172]. MFG-E8 has shown to attenuate the reactive
response of astrocytes through the downregulation of NF-κB and the upregulation of PI3K-
Akt in Aβ1–42 stimulated mouse astrocyte-microglia co-cultures [173]. In addition, MFG-E8
released from astrocytes has been reported to act on microglia stimulating the endocytosis
of Aβ in rat cell culture, suggesting MFG-E8 as a potential therapeutic target in AD [174].

Neuroinflammation is one of the pathological components observed in AD. The
chronic persistence of this condition leads to a compromise in the function of different
brain cells, mainly astrocytes and microglia. Due to the critical role of astrocytes in CNS
homeostatic regulation, an altered stance of these cells represents numerous disturbances in
physiological processes, thus prompting the development of new therapeutic interventions.
These can be designed to target different aspects of the dysregulated inflammatory path-
ways observed in AD. For instance, astrocytic IL-3 or TPPU interventions may improve
astrocyte-microglia interactions, while intracellular regulation of NF-κB may limit the
astrocytic pro-inflammatory response to Aβ. In addition, controlling other deleterious
factors such as oxidative stress and excitotoxicity may also be of benefit for the overall
inflammatory state. Despite the promising results observed with some of these approaches,
most of the works have been conducted on preclinical animal models, which may not
necessarily mirror human pathology. Therefore, more studies, including interventions in
both human cells and individuals, are needed in order to develop effective therapeutic
targets which can be translated into clinical practice in the near future.

3.2. Targeting Oxidative Stress

Oxidative stress appears to be increased in AD as a result of both soluble and aggre-
gates of Aβ, neurofibrillary tangles and mitochondrial abnormalities [175]. Treatments
focused on the interference of oxidative stress in AD have been proposed as a novel ther-
apeutic strategy, including AGE-inhibitors, increasing levels of antioxidants, stabilizing
mitochondrial activity and prevention of ROS formation [103,176]. Likewise, a recent large-
scale study (n = 7283 participants) evidenced an association between serum antioxidants
levels, such as the carotenoids lutein+zeaxantin and B-cryptoxanthin, either as potential
risk or protective factor in all-cause dementia, including AD [177].

Antioxidant systems are classified in two groups: enzymatic (i.e., catalase and glu-
tathione peroxidase) and non-enzymatic that includes molecules obtained from diet such
as vitamin C, carotenoids, flavonoids and polyphenols [178]. Neuroprotective effects of
those molecules can be explained due to their antioxidant properties, including the inhibi-
tion of lipid peroxidation, modulation of enzymatic activity, control of antioxidant gene
expression by modulation of redox-sensitive transcription factors and the induction of
genes encoding pro-survival, detoxifying, and antioxidant proteins [179]. Many of these
non-enzymatic antioxidant systems (such as vitamin E, flavonoids and carotenoids) have
demonstrated neuroprotective effects in different AD preclinical models [180–182]. For
example, experimental evidence showed that vitamin E improves astrocyte survival after
glutamate-mediated toxicity in vitro [183]. However, clinical trials have reported limited
benefits of alpha tocopherol (a form of vitamin E) in AD [184–186]. In this regard, it has
been proposed that therapeutic failure of some antioxidants in AD can be attributed to
improper dosage, dissimilar time of interventions or the type of antioxidant used, as well
as lack of information in how antioxidant systems work [187,188].

Different studies have explored exogenous molecules with antioxidant potential in
cultured astrocytes. Phloroglucinol, a polyphenol present in some algae species, inhibits
ROS generation and decreases GFAP expression induced by oligomeric forms of Aβ1–42.
These effects involve increasing levels of superoxide dismutase (SOD), catalase and GSH
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peroxidase [189]. Nobiletin, a polymethoxylated flavone derived from citrus peels, and
resveratrol, a polyphenol present in grapes, promote HO-1 upregulation, an antioxidant
which is associated with decline in ROS, reduction in astrocytic GFAP, and improved mito-
chondrial function [190–192]. Another study found that curcumin, a phenolic compound
present in the Curcuma longa plant, might counteract some effects of oxidative stress such as
mitochondrial dysfunction and astrogliosis [193]. Interestingly, the fruit and seeds of Bactris
guineensis, a rife type of palm from the Caribbean region, appears to have antioxidant
molecules (i.e., cyanidin-3-rutinoside and cyanidin-3-glucoside) which protect astrocytes
and neurons against oxidative stress [194]. Cholesterol sulphate (a sterol sulphate) ac-
tivates anti apoptotic pathways such as AKT/Bcl-2, reduces ROS levels and modulates
astrocytic metabolism [195]. Calycosin, a molecule present in Astragalus membranaceus (a
plant used in Chinese medicine) demonstrated, in an in vitro model of oxidative stress
induced by H2O2, the ability to suppress ROS and inflammatory factors production, and
to increase the expression of SOD and antioxidant molecules via Nrf2 signaling path-
way [196]. Some of the antioxidative molecules described previously have not been tested
in specific models of amyloidosis or tauopathy; however, they might have a therapeutic
potential in AD. Considering that polyphenols and flavonoids have low BBB permeability,
the use of hybrid compounds has been considered to improve the brain bioavailable and
also, to develop new drugs with multi-target mechanisms in neurodegenerative disorders
(i.e., tacrine-resveratrol fused hybrids) [197].

Likewise, growth factors, neuropeptides and transcriptional factors may induce the
activity of endogenous antioxidants in astrocytes. For instance, VEGF and BDNF stim-
ulate antioxidants enzyme activation such as catalase, SOD, GSH peroxidase, and neu-
roglobin [168]. Another example includes galanin, a highly produced neuropeptide in
the CNS, which suppresses H2O2 toxicity through reduction in ERK1/2 pathway in rat
cortical astrocytes [198]. On the other hand, PPAR are transcriptional factors with neu-
roprotective effects modulated by lipids, prostaglandins, anti-diabetic medications and
non-steroidal anti-inflammatory (NSAIDs) drugs [199]. The PPAR-γ receptor agonist GL516
stimulates catalase activity, reducing ROS production and apoptosis in the CTX-TNA2 rat
astrocyte cell line [200]. Regarding PPAR activity and oxidative stress, a post-mortem study
conducted on the frontal cortices from individuals with AD, nondemented individuals
with AD neuropathological changes (NDAN) and healthy controls, reported increased
oxidative damage and higher redox imbalance in the AD brains compared with the other
groups [201]. Authors examined the astrocytes, finding a significant downregulation in the
PPAR γ-coactivator 1α (PGC1α) transcription factor from the AD brains compared with
the NDAN group, suggesting this difference as a possible explanation for the dissimilar
response in oxidative regulation and the presence of dementia.

Finally, free radical scavengers may modify ROS in the intra and extracellular com-
partments [202]. In this way, some microvesicles that contain pro-oxidant and antioxidant
molecules can affect ROS levels in the extracellular compartment through direct and in-
direct mechanisms [202]. Some scavenger molecules have been tested in in vitro models
of AD and have been shown to be effective for ROS elimination. For instance, the free
radical scavenger edaravone has been tested in a mouse model of AD (APP23) associated
with brain chronic hypoperfusion. In such study, the protective mechanisms of edar-
avone include attenuation of endothelium/astrocyte unit dysfunction, and reduction in
oxidative stress and neuroinflammation [203]. Other mechanisms of neuroprotection of
edaravone described in animal models of AD (APPswe/PS1 mice) include inhibition of
Aβ aggregation, reduction in tau hyperphosphorylation and attenuation of astrocytosis
(GFAP reactivity) [204]. Anti-amyloid effects and modulation of aquaporin 4 (AQP4) ex-
pression of edaravone have been tested in models of ischemia/reperfusion injury [205]. In
addition, protective effects have been shown regarding perfusion with superoxide (O2

−)
and hydroxyl radical (OH) scavengers (i.e., n-propyl gallate) in astrocytic primary cultures
immersed in methylmercury-induced pro-oxidant microenvironment [206].
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Taken together, these findings suggest that astrocyte-focused therapeutic interventions
can have important protective effects reducing amyloid-induced oxidative stress through
enzymatic and non-enzymatic pathways. Another neuroprotective mechanism may in-
clude an increase in the expression of genes related to antioxidant functions. Future studies
should be careful to include controlled dosages and times of intervention, which are needed
to address some of the previously documented limitations regarding antioxidant therapeu-
tics. Other important factors that must be explored in future research include a specific
characterization of the antioxidants used, and improved AD-specific preclinical models
with amyloidosis or tauopathy. Finally, regarding the selective targeting of astrocytes, some
interesting approaches include the modulation through growth factors, the suppression
of H2O2 activity by intervention on the ERK1/2 pathway, and the stimulation of catalase
activity by PPAR-γ receptor agonists. Interventions in the pathways implicated in both
excessive ROS production and their removal could ameliorate many of the pathological
landmarks of this disease.

3.3. Modulation of Glutamatergic Activity

As stated before, Aβ can disrupt glial function and glutamate uptake capacity with
subsequent excitotoxicity. This effect may involve A2A receptors through reduction in the
expression of the two major glutamate transporters in astrocytes: EAAT1 and EAAT2 [207].
FDA approved riluzole as a treatment for amyotrophic lateral sclerosis, showing it has
some protective effects reducing excitotoxic pathways (decreases the presynaptic gluta-
mate release), improving mitochondrial function and acting on lipid metabolism [208,209].
Moreover, riluzole may have astrocyte-dependent mechanisms such as enhanced GLT-1
expression in primary mouse striatal astrocytes [210]. Riluzole has been tested in an AD
model (APPswe/PS1dE9 mice), showing a preventive effect on cognitive impairment in-
duced by early life stress. The mechanism includes the increasing expression of EAAT2
transporter in the hippocampus [211].

Ceftriaxone, a third generation cephalosporin, has been shown to increase EAAT2
expression [212], with promising results in animal models of neurodegenerative disorders
such as AD, Parkinson and Huntington disease [213–217]. Additionally, ceftriaxone has
also been proven to increase the levels of several proteins implicated in glutamate uptake
and metabolism. For example, it increases neuronal expression of sodium-coupled neutral
amino-acid transporter 1 (SNAT1), vesicular glutamate transporters 1 and 2 (VGLUT1/2)
and enhances glutaminase activity in an AD model (APP/PS1 mice). Those effects were
reverted by deletion of one GLT-1 allele [218]. In addition to upregulating the expression
of GLT-1, ceftriaxone may promote the glutamate-glutamine cycle (increasing glutamine
synthetase and N glutamine transporter 1) and prevent cognitive impairment in AD
models (APP/PS1 mice) [219]. Although this beneficial effect of ceftriaxone was not
tested directly on astrocytes, it is well known that astrocytes participate in the glutamate-
glutamine-GABA cycle. In a 3xTg-AD mouse model, it has been shown that ceftriaxone can
reduce tau pathology and upregulate GLT-1, with the consequent attenuation of cognitive
decline [213]. In the same study, a correlation was found in transgenic mice between
increased GFAP reactivity and reduction in GLT-1. Moreover, it was reported a reduction
in GLT-1 expression in neuron and astrocyte cocultures.

Astrocytes express functional NMDA receptors with some differences in comparison
with neurons. For instance, glial NMDA receptors have low calcium permeability and lack
of Mg++ blocking [220]. However, Aβ-induced dysfunction of glutamate receptors not only
affects neurons, but may also affect astrocytic NMDA receptors, and disrupt neuron-glia
transmission [221]. NMDA receptor antagonists such as MK801 and memantine, might
attenuate glutamate mediated excitotoxicity in neurons and astrocytes [222]. However,
pharmacological antagonism of specific NMDAR subunits (GluN2A and GluN2B) in astro-
cytes enhances Aβ-induced synaptotoxicity, suggesting a synaptic protective effect with
the activation of GluN2 NMDA receptors. Indeed, the potential protective effects of theses
subunits in astrocytes may involve a neurotrophic mediated mechanism [223].
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It has been shown that Aβwas able to induce astrocytic glutamate release which led
to extrasynaptic NMDA receptor activation, excitotoxicity, promote amyloid production
and impair synaptic plasticity [224,225]. Therefore, selective inhibition of NMDA receptor
activity may protect against Aβ-induced synaptic dysfunction in susceptible brain regions
such as the hippocampus. Likewise, selective antagonists of astroglial and extrasynaptic
NMDA receptors have been developed, such as UBP141 and nitromemantine, respectively.
Nitromemantine inhibits calcium increase induced by Aβ, toxic NO response and reduced
synaptic loss in transgenic mouse models for AD [224]. In in vitro studies, UBP141 also
antagonizes NMDA astrocyte receptors, decreases calcium permeability, modifies Mg2+

sensitivity, and therefore, NMDA activity [226]. Levetiracetam is an anticonvulsant with
multiple mechanisms of action including the modulation of glutamate release via SV2A
vesicle protein, enhance GABA synthesis and increase in the expression of astrocyte glu-
tamate transporters (EAAT1/GLAST and EAAT2/GLT-1) [227]. In vitro, levetiracetam
has shown to reduce Aβ-induced glutamate release from human astrocytes presumably
by interacting with astrocytic SV2A, with evidence that levetiracetam can also reduce
gliotransmission-mediated excitation [228]. In a retrospective observational study con-
ducted in patients with amnestic mild cognitive impairment or early AD, treatment with
lamotrigine and levetiracetam showed both clinical benefits and good tolerability, while
raising the question of the importance of future research in the role convulsions play in
AD’s progression and prognosis [229]. In addition, a study in AD patients with epilepsy
showed that levetiracetam was associated with better attention, short-term memory and
oral fluency performance [230]. Another anticonvulsant that acts on the NMDAR that has
been studied for AD is MK801, or dizolcilpine, which works as an NMDAR antagonist with
analgesic and anticonvulsant properties [231]. NMDAR blocking has been successful with
the FDA-approved drug memantine, but since the MK801 has a higher receptor affinity, its
clinical application in AD has been limited [232].

Other possible interventions on glutamate transporters include estrogens and selec-
tive estrogen receptor modulators (SERMs), which have shown to increase both GLT-1
and GLAST via transcriptional pathways and non-genomic pathways, also activating
MAPK, ERK, PI3K-Akt, TGF-α and NF-κB signaling in astrocytes. Additionally, there
is evidence that estrogens can induce the release of BDNF [128]. A postmenopausal AD
model with ovariectomized (OVX) female rats, identified the beneficial effect of dimethyl
fumarate in both cognitive functions and astrocytic activation represented as a reduced
GFAP expression [233]. The proposed mechanism to achieve the mentioned effects is
the suppression of AD markers such as APOE-E1, BACE1, Aβ1–42, and a reduction in
hyperphosphorylated tau.

Cyclin-dependent kinase 5 (CDK5), a serine-threonine kinase, has important functions
regarding neuritogenesis, synapse formation and synaptic regulation [234]. It also plays
important role in cognitive functions such as memory and learning, and has been impli-
cated in AD pathophysiology, since Aβ appears to abnormally activate CDK5 secondary
to p25 formation, leading to tau phosphorylation and neuronal death [235]. Experimental
evidence suggests that silencing of astrocytic CDK5 protects against neurotoxicity medi-
ated by glutamate. Roscovitine, an inhibitor of CDKs with affinity for CDK5, appears to
partially reverse morphological changes produced by glutamate, including the appearance
of lamellipodia and filopodia, suggesting a protective effect against excitotoxicity [236].
In the same experiment, CDK5 silencing in astrocytes reduced excitotoxicity in neurons,
showing that the CDK5 shRNA-miR astrocytes exerted neuroprotection mediated by BNDF
in a Rac1-dependent manner.

Taurine is an endogenously produced beta-amino acid with cytoprotective effects, due
to its antioxidative and anti-inflammatory actions [237]. In the brain and retina, taurine is
considered the most abundant free amino acid, although its concentrations decline with
age [238,239]. Taurine predominates in astrocytes and neurons, but the latter cells require
the precursor hypotaurine, released from astrocytes, in order to produce taurine [240].
Therefore, astrocytes regulate the metabolism of taurine in the CNS. Taurine possesses a
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similar structure to GABA, explaining why it is able to activate the GABAA and glycine
receptors, and also to serve as GABAB agonist [241,242]. Furthermore, taurine helps to
regulate the entry of calcium into the cell [236], and also modulates inositol trisphosphate
(IP3) and intracellular calcium levels [243]. Thus, taurine plays an important homeostatic
and neuroprotective role in the CNS acting as a gliotransmitter, with proposed therapeutic
effects for many diseases such as epilepsy, stroke, retinal degeneration, mitochondrial
diseases, and several neurodegenerative diseases including AD [244]. For instance, in
chick retinal neurons treated with Aβ, taurine offers neuroprotection through both GABA
activation and reduction in excitotoxicity [245]. Furthermore, taurine was shown to bind
to oligomeric Aβ and recover cognitive deficits in the APP/PS1 transgenic AD mouse
model [246]. More recently, taurine was reported to decrease phosphorylated tau protein
levels in the cerebellum and prefrontal cortex of scopolamine-treated Wistar rats [247].
Chronic intracerebroventricular administration of taurine in the streptozotocin dementia
model, improved cognitive dysfunction in Wistar rats through a regulation of cholinergic
functions together with attenuation of neuroinflammation and oxidative stress [248]. In
addition, taurine oral administration during 6 weeks, improved hippocampal spatial
working memory tasks and decreased insoluble Aβ1–42 in the cortex of APP/PS1 mice [249].
According to the webpage clinicaltrials.gov (accessed on 18 October 2022), no clinical trial
is currently examining the effects of taurine in dementia. However, there is a registered
randomized, double-blind, placebo controlled clinical trial comparing effects of taurine
supplementation on cognitive function in patients with diabetes, but unfortunately the
state of the study is unknown [250]. Although not yet tested in humans with AD, taurine
can be considered as a promising therapeutic candidate for AD.

Regarding possible therapeutic interventions that aim to reduce excitotoxicity, some
astrocyte-focused therapeutic approaches include augmenting the astrocytic glutamate
reuptake, increasing the glutamate-glutamine-GABA metabolic pathway, and selectively
blocking glutamatergic receptors such as NMDA or by modulating the astrocyte-specific
glutamate transporter EAAT2. Other interventions could include the indirect modulation
of these mechanisms by targeting specific transcription factors and the specific regulation of
gliotransmitters release. Future pharmacological approaches should take into account the
multiple processes in which the astrocyte is involved in the glutamate metabolism, since
reducing excitotoxicity can improve neuronal lifespan and potentially improve cognition.

3.4. APOE and Lipid Metabolism

There is cumulative evidence of modifications in lipid metabolism in early and late-
forms of AD. These alterations include changes in synthesis, transport and cell intake
of cholesterol, fatty acids, glycerophospholipids and sphingolipids [251]. Modulation in
the activity of lipid transporters may have a therapeutic role in AD. For instance, it has
been shown that gemfibrozil, a drug used for dyslipiaemia, combined with retinoic acid,
enhances Aβ uptake in mouse primary astrocytes in a PPARα-dependent manner through
the low-density lipoprotein receptor (LDLR), and precipitates degradation of Aβ through
transcription factor EB (TFEB), a gene associated with autophagy and lysosomal function.
Moreover, dual treatment could potentially impact astrocytic Aβ reuptake function, and
Aβ plaque reduction in mice hippocampus in a 5xFAD mouse model of AD [252].

As we discussed earlier, of major importance in the pathogenesis of SAD includes
APOE, a protein involved in cholesterol transport. Intracellular cholesterol levels are regu-
lated by astrocytes through metabolic processes (i.e., via glucose-derived acetyl CoA) and
cholesterol transport proteins such as APOE and through ATP-binding cassette subfamily A
member 1 (ABCA1) via LXR/RXR receptors [253]. Astrocytes are the main APOE producers
of the brain [254], and as explained before, APOE polymorphic alleles are possible risk or
protection factors for developing AD. APOE-ε4 carriers have a higher risk of developing
SAD compared with those carrying APOE-ε3, while APOE-ε2 carriers are thought to have
the lowest risk [59]. The risk of having AD by APOE-ε4 includes complex interactions
with amyloid metabolism, increase in pro-inflammatory processes and a decrease in anti-
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inflammatory factors. In addition, APOE-ε4 is related to arginine increment by microglia,
thus increasing ROS [255].

Interest in APOE-based therapeutics arises by the number of mechanisms this molecule
can interact in AD pathophysiological processes including neuroinflammation, amyloid
burden, cerebrovascular integrity and synaptic plasticity [256]. In an interesting and un-
usual clinical case, it was reported a patient that, despite carrying a PSN1 mutation with
high levels of amyloid in the brain, did not experience cognitive decline until her seven-
ties (three decades after the expected onset of cognitive decline). This patient had two
copies of the APOE-ε3 Christchurch (R136S) mutation (ApoE3ch) which modulates the
Aβ aggregation, thus reducing the generation of fibrillary forms of Aβ1–42 [257]. Such
findings are compatible with the above-mentioned role of APOE-ε3 as a protective factor
against AD development. Likewise, Lin et al., used CRISPR/Cas9 gene editing to generate
APOE-ε4 induced pluripotent stem cells (iPSCs) from parental APOE-ε3 cells in order to
obtain neurons, astrocytes and microglia-like cells with AD phenotypes [258]. APOE-ε4
neurons showed increased synapse number and Aβ1–42 release, while astrocytes displayed
impaired Aβ uptake and elevated intracellular levels of cholesterol. Some of those patho-
logical effects (except for Aβ1–42 aggregates) were reverted after genetic modification from
APOE-ε4 to APOE-ε3. Considering the role of different APOE isoforms in AD development,
new therapeutic strategies have been tested focusing on APOE-ε4 as a target: reduction in
APOE levels, targeting APOE-ε4 protein and indirect mechanisms which regulate APOE
receptors [259]. Moreover, transgenic mice (P301S tau/Aldh1l1-Cre/apoE3) with deletion
of APOE-ε4 showed a reduction in astrocyte activation, decreased phosphorylated tau
accumulation, attenuation of brain atrophy and reduction in microglial synaptic prun-
ing [66]. Likewise, anti-human APOE antibody (HAE-4) in 5xFAD mice model reduced
Aβ deposition, amyloid angiopathy and also dampened reactive microglial, astrocytic,
and proinflammatory-associated genes in the cortex [260]. Interaction between APOE-ε4
and Aβ is related to less amyloid clearance due to unstable complexes formation. Specific
blocking of the binding site of APOE on Aβ with a synthetic peptide (Aβ12–28P) reduce
amyloid deposition and reduces tau pathology [261,262].

Another strategy includes retinoid (RXR) and liver (LXR) receptor agonists which
increase APOE lipidation in astrocytes ABCA1, a transporter particularly involved in the
efflux of molecules from the brain [259]. LXR are expressed in astrocytes and have functions
such as regulating immune cell response and cholesterol metabolism. An in vitro study
demonstrated that treatment with the LXR agonist TO901317 in astrocytes, increases Aβ
clearance thought interactions with microglial cells and APOE lipidation [263]. Other
studies have shown that RXR (i.e., bexarotene) and LXR agonists (i.e., GW3965) reduce
astrogliosis, decrease proinflammatory cytokines and promote several anti-amyloid mecha-
nisms [264,265].

Since APOE is involved in nearly all of the pathophysiological mechanisms of AD,
it is important for future research to focus on specific interventions regarding its expres-
sion, associated metabolic pathways and modulation of its receptors. Increasing APOE
lipidation and blocking the APOE-Aβ interactions have been shown to reduce many of the
pathological alterations evidenced in AD, including astrogliosis and neuroinflammation.
Interestingly, intervention focused on the PPARα and lipid transporters appears to improve
degradation of Aβ plaques. Future interventions could attempt to design drugs that can
specifically target astrocytic mechanisms involved in lipid metabolism pathways.

3.5. AGE Inhibitors

Advanced glycation-end products (AGE) are considered to play a role in the generation
of ROS, vascular inflammation, cellular apoptosis and gene expression alterations that may
contribute to AD [266]. AGE accumulates gradually during the aging process, interfering
with normal protein glycation, folding and enhancing abnormal protein aggregation [267].
In addition, AGE´s are increased in altered metabolic states as happens in metabolic syn-
drome and in dementia, and these pathological conditions have been associated with the



Int. J. Mol. Sci. 2022, 23, 13630 16 of 43

presence of dementia [268]. Moreover, there is evidence of up-regulation of the RAGE recep-
tor in AD models [269], an effect that involves both neurons and astrocytes [270]. In turn,
RAGE is activated in the astrocyte by Aβ to induce neuroinflammation, oxidative stress
and excitotoxicity [93,271]. Azeliragon (TTP488), a RAGE inhibitor with anti-inflammatory
effects, was proposed as a potential AD therapeutic agent, however, its clinical trial was
terminated at phase III due to lack of efficiency (NCT02080364). Although, in a recent
study, it has been demonstrated the inhibitory activity on RAGE/SERT of 34 different
azeliragon-vilazodone chimeric compounds in neuroblastoma-derived cells, of which only
one shown a reduction in Aβ25–35-induced cytotoxicity. However, the neuroprotective
effects of dual inhibitors RAGE/SERT remains to be confirmed in an astrocytic model
of AD [272]. Azeliragon has shown to reverse amyloid (Aβ1–42) and neuroinflammatory
(induced by LPS) injury via the JAK-STAT pathway, and to reduce NLRP1-mediated in-
flammasome activation [273]. Azeliragon administration significantly reduced neuronal
damage in an in vivo AD rat model, and co-administered with the JAK inhibitor tofacitinib
and the STAT inhibitor fludarabine, showed further effects in AD reversion [274]. How-
ever, future studies are needed in order to assess the azeliragon beneficial mechanisms in
neurodegenerative disorders.

The coupling of RAGE with the NF-κB pathway represents a very important signal
in the production of pro-inflammatory agents. The presence of Aβ has been shown to
activate the RAGE receptor and induce a pro-inflammatory profile in astrocytes. Further-
more, the presence of AGE´s due to excessive glycated proteins, as occurs in metabolic
syndrome/diabetes, also activates RAGE receptors. As neuroinflammation is a critical
component of AD, interventions envisioned to attenuate the Aβ-induced proinflammatory
state can prove helpful.

3.6. Neurovascular Unit and Blood–Brain Barrier Interventions

Astrocytes are an important structural and functional component of the NVU and the
BBB [275,276]. In the BBB, astrocytes help to regulate metabolic requirements of neural
cells through glucose uptake and oxygen delivery based on the energetic needs. Function-
ally, these cells play a vasoactive role in the BBB by mediating vasodilation by epoxye-
icosatrienoic acids (EET) and PGE2, and vasoconstriction by 20-hydroxyeicosatetraenoic
acid [277]. There is evidence suggesting that the integrity of the NVU and BBB is affected
in all neurodegenerative disorders to some degree, including mild cognitive impairment
and AD [278–280]. Vascular dysfunction is now being recognized as a prominent feature in
prodromal AD, and functional changes in cerebral blood flow (CBF) have been shown to be
associated with the rate of accumulation of Aβ in the brain. BBB integrity and permeability
can be altered in dementia-associated disorders such as brain traumatic injury, vascular
alterations and neuroinflammation [281].

Early BBB alterations have been evidenced in both grey and white matter at early
stages of AD, and there is an important overlap of both cerebrovascular pathologies in
its late-onset and autosomal dominant forms [282]. Astrocytic degeneration and cellular
atrophy impair the structural integrity of the BBB, with a dysfunction of the NVU following
these cellular changes induced by AD. Atrophic astrocytes have been found in post-mortem
brain tissue of AD patients and are strongly implicated in a reduced coverage of the
brain blood vessels by the astrocytic endfeet. This contributes to a dysfunction in the
NVU, including vascular deficits observed in early stages of the disease [277]. Chronic
neuroinflammation induced by astrocytes may affect NVU function. For example, a study
with post-mortem human samples of AD patients evidenced that vessel distribution was
found altered in the gyrus frontalis medius and hippocampus, with a positive correlation of
RA with Braak stages in the cortex suggesting that the increased GFAP immunoreactivity
found within the NVU could reflect RA associated with small vessels. This could trigger
vascular dysfunction and extravasation of peripheral immune cells into the brain, thus
perpetuating neuroinflammation [283]. Furthermore, there is evidence that extracellular
vesicles (EV), a form of cellular communication that can transfer molecules, organelles
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and metabolites to other cells, are implicated in the pathophysiological processes of AD
since they are able to mediate leukocyte infiltration in neuroinflammatory processes, and
alter neuronal branching and firing [284]. An experimental study conducted by Gonzalez-
Medina and collaborators evidenced that astrocyte-derived EV (AEV) induced astrocyte
reactivity, with neuroglial cytotoxic effects and gap widening in the endothelium found
specifically in familial AD (FAD), as well as endothelial alterations mainly found in SAD.
Interestingly, it also showed that neurons treated with culture medium from adult 3xTg-
AD astrocytes showed decreased viability and morphological alterations. These findings
suggest that AEV, in both forms of the disease, are capable of causing endothelial disruption
and astrocyte hyperreactivity surrounding the BBB [285].

Some authors have suggested that CDK5 inhibition could be a potential target for
AD, not only by its role in reverting cellular alterations following glutamate excitotoxicity,
but also by its role in NVU integrity. CDK5 inhibition appears to have a protective effect
on endothelial cells in models of ischemia and hypoxia, with both in vivo and in vitro
evidence of intracellular gap reversion, restoration of proteins implicated in adhesion, and
an important effect in NVU integrity. In addition, CDK5 silencing appears to prevent
endothelial activation during immune cell infiltration in the CNS. These processes appear
to be mediated by astrocytic-BDNF release, which has a protective function that promotes
neuronal survival and is associated with the CREB pathway, which is related to cognitive
deficit recovery. These findings suggest that CDK5 inhibition is a promising therapeutic
target in AD that needs further research in specific experimental models of the disease [236].

Interestingly, APOE-ε4 is involved in the brain’s microvascular integrity. An ex-
perimental study conducted by Bell and authors showed that APOE-ε4 expression can
induce BBB breakdown via the CypA–NF-κB–matrix-metalloproteinase-9 (MMP-9) path-
way in pericytes of both APOE-deficient and APOE-ε4-expressing mice [286]. Interestingly,
astrocyte-secreted APOE-ε3 suppressed this pathway through a lipoprotein receptor, and
TR-APOE-ε3, TR-APOE-ε2 and murine APOE maintained the structural integrity of the
BBB. These findings suggest an important role of APOE-ε4 in promoting BBB alterations
that could lead to neurodegenerative changes, and a possible promising future astrocytic
therapeutic target based on APOE modulation.

Taken together, these findings suggest that therapeutic interventions which prevent
NVU alterations and BBB damage, could delay or even avert the progression of AD. An
important therapeutic approach is CDK5 inhibition, since it appears to have restorative
effects in endothelial cells and stimulates both astrocytic-BDNF and the CREB pathway.
However, since these findings have been only described in ischemia models, further studies
including specific AD models are suggested. Another intervention includes the modulation
of astrocytic APOE, since APOE-ε4 appears to be involved in BBB breakdown, while other
isoforms appear to have protective effects in murine models.

3.7. Interventions on Glymphatic System

The glymphatic system model explains part of the CSF-interstitial fluid (ISF) efflux
and clearance of metabolic products from the CNS to the periphery mainly through AQP4,
a protein expressed in astrocyte endfeet processes. Both AQP4 inhibitors and AQP4 gene
deletion appear to slow down clearance of Aβ, APOE, tau and SOD1 [287]. In AD, Aβ
drainage appears to involve the glymphatic system to some degree, since Aβ has been
detected in cervical lymph nodes in murine models of the disease [21]. During both
sleep and with the administration of certain anesthetics that induce slow-wave sleep,
the interstitial space is increased, which results in decreased resistance to fluid flow and
therefore increased interstitial solute clearance [288–290]. A relationship between AD and
sleep disorders is well established, where the glymphatic system may have a main role
in their pathophysiology [291]. Correspondingly, AQP4 expression and its localization
in astrocytic endfeet are affected by sleep deprivation, and therefore, may contribute to
reduction in Aβ and tau clearance [292]. In humans, a post-mortem AD case series observed
that perivascular localization of AQP4 is affected, and its expression is reduced in frontal
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grey matter associated with increased Aβ and neurofibrillary pathological burden [293].
Similarly, a study with APP/PS1 mice and AQP4 knockout, concluded that AQP4 deletion
severely impairs glymphatic clearance function, decreasing Aβ clearance but without Aβ
plaque deposition [294]. Some strategies seek to restore or improve the clearance function
through the modification of the glymphatic system in order to delay or prevent the onset of
AD. Indeed, in a rodent study with transgenic mice reported that n-3 polyunsaturated fatty
acids could promote interstitial Aβ clearance through an increase in AQP4 function [295].
In addition, different studies have investigated whether the induction of AQP4 expression
during AD might contribute to improving disease course. However, it has been shown that
AQP4 overexpression occurs in inadequate positions away from astrocyte endfeet where
its presence does not contribute to the removal of waste products [296,297]. Furthermore,
other molecules such as L-3-n-butylphthalide have been shown to increase Aβ clearance by
enhancing perivascular AQP4 localization [298].

Since the glymphatic system plays an important role in the clearance of substances
in the CNS, interventions focused on astrocytes can improve the removal of Aβ. Because
inhibition of AQP4 expressed in astrocyte endfeet clearly affects its functions, future
interventions could promote Aβ clearance by improving AQP4 function, such as n-3
polyunsaturated fatty acid supplementation. Future research needs to take into account
the fact that the expression of AQP4 must be targeted at the astrocytic endfeet, since
overexpression of AQP4 in other sites appears to be ineffective. Taken together, these
findings suggest that astrocytes could play a pivotal role in AD therapeutics as research
on the glymphatic system continues to evidence a significant role in the disease. Due to
the critical relationship between the glymphatic system and sleep, strategies involving
the promotion of sleep hygiene complemented pharmacological interventions may be of
benefit for individuals with AD.

3.8. Aβ Clearance

Dysfunction of Aβ clearance and its consequent accumulation has been characterized
as a contributing factor to AD. The low-density lipoprotein receptor-related protein1 (LRP1)
has been described as part of the astrocytic and neuronal Aβ clearance [299]. In fact,
astrocytes and neurons adjacent to amyloid plaques have shown an augmented expression
of LRP1 compared with other brain cells [300]. Multiple drugs have shown to enhance Aβ
clearance by increasing LRP1 expression, such as pioglitazone, a PPARγ agonist [301]. In
addition, pioglitazone was used in a rat model demonstrating a significant increase in LRP1
expression with consequent reduction in Aβ deposits and Aβ1–42 levels [301].

Furthermore, neprilysin (NEP) also contributes to Aβ clearance, showing an inverse
relationship with Aβ accumulation [302]. Apelt and colleagues [303], demonstrated an
upregulated astrocytic expression of NEP in the Tg2576 mice AD model. Therefore, the
enhancement of NEP expression, as occurs with the administration of drugs like somato-
statin or somatostatin receptor agonists, provide a potential therapeutic target for AD as
previously proven in primary neuronal cells [304]. However, its effects in an astrocytic AD
model remains to be confirmed. On the other hand, a study with cultured rat astrocytes
treated with epigallocatechin gallate, a phenolic antioxidant, resulted in enhanced NEP
release into the extracellular space, and in exogenous Aβ degradation through activation
of the ERK-PI3K pathway [305].

Metalloproteinases, more specifically MMP-2 and MMP-9, released by astrocytes,
play an important role in Aβ clearance [53]. A study evaluated iPSC-derived astrocytes
from both SAD and FAD patients, demonstrating increased GFAP expression and MMP
production, and contributing to an increased Aβ clearance after exposure to monomeric
and aggregated tau [306]. Sirtuin 1 (SIRT1), a NAD+-dependent protein deacetylase highly
conserved in mammals, has been previously shown to reduce Aβ load in neurons, with an
inhibition of glial inflammatory response. In astrocytes, SIRT1 appears to promote intracel-
lular Aβ degradation by deacetylase activity and lysosomal pathways. This clearance was
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higher in oligomeric Aβ than in fibrillar forms, suggesting that astrocytes could be more
involved in Aβ clearance during the initial stages of the disease [307].

NB-02, a standardized mix derived from plant-based extracts of Poria cocos and
Morus alba L., previously known as DA-9803, has been studied as a potential AD ther-
apeutic intervention. A study with APP/PS1 mice showed that NB-02 halted amyloid
plaque deposition and preserved neuronal calcium homeostasis [308]. Moreover, in the
same study it was shown that NB-02 also restored spine density and transformed the
morphology of astrocytes as well as microglia to a more phagocytic state. Interestingly,
similar results were reported in 5xFAD mice [309]. Both authors suggest that NB-02 could
be acting by decreasing Aβ oligomerization and production while increasing clearance, but
the exact mechanism of action is still not understood.

The accumulation of Aβ is one of the pathological hallmarks of AD. Although Aβ on its
own cannot explain all the molecular and cellular alterations observed in AD, an excessive
presence of undesired Aβ forms, such as Aβ1–42, compromises the function of all brain cells.
Therefore, improving the clearance and preventing the aggregation of Aβ can be considered
as an important therapeutic target. This strategy will most likely involve astrocytes, as these
cells express many enzymes such as neprilysin, insulin degrading-enzyme, and several
MMP´s, involved in Aβ degradation. In addition, the glymphatic system, dependent on
astrocytes, has been recently pointed as the main CNS waste clearance system, promoting
the elimination of proteins including Aβ peptides.

3.9. Calcium Signalling

Astrocytic calcium signaling has shown important effects on behavior, cognition
and emotion according to several models [310]. Most astrocytic functions, including the
regulation of synaptic activity, require intracellular calcium elevations in single cells and
on vast glial networks [311]. These transient calcium elevations are needed in order to
modulate the synaptic response by gliotransmission [312]. Calcium currents can be either
of spontaneous origin or mediated by neuronal activity by cholinergic and glutamatergic
receptors [310,313]. The calcium required for astrocyte functions can be obtained from
various sources including the extracellular medium (via transient receptor potentials or
voltage calcium channels), or from intracellular compartments such as mitochondrial
storage [314], and from the endoplasmic reticulum via the IP3 pathway [315]. Regarding
the cellular calcium flux in astrocytes, it appears to be mediated by the transient receptor
potential A1 (TRPA1) channels, which are also involved in GABA transport by sodium- and
chloride-dependent GABA transporter 3 (GAT-3), and in the regulation of astrocyte resting
calcium levels [316]. In addition, the TRPA1 channels appear to have a role in hippocampal
LTP by mediating the calcium needed for the activation of the NMDA receptor [316].
Regarding AD, calcium dysregulation has been reported in neurons in cognitive decline
associated with the aging process, with a downregulation of calcium clearance processes
being a consistent finding across studies [317]. Moreover, a synergic mechanism between
calcium dysregulation and Aβ deposits could aggravate neurodegenerative processes
and cognitive decline in AD patients [318]. Since intracellular calcium is needed for the
astrocytic release of glutamate [319], a possible role of calcium dysregulation as a source of
astrocytic-mediated glutamate excitotoxicity needs to be taken into account.

The calcium signaling sensing receptor (CaSR), expressed in both astrocytes and neu-
rons, is a member of family C G-protein coupled receptors that interacts with changes in
extracellular calcium levels, and is involved in multiple signaling pathways [320]. There
is evidence suggesting that in human astrocytes, CaSR interacts with Aβ plaques. Aβ
aggregates appear to promote downregulation of this receptor, and as a consequence,
neurons appear to secrete free radicals and de novo Aβ [321]. As a promising therapeutic
agent, NPS 2143 effectively blocks the Aβ-induced CaSR signaling, suppressing endoge-
nous Aβ1–42 secretion by human cortical astrocytes and HCN-1A neurons induced by
fibrillar Aβ25–35 [322], with an important suppression of intracellular accumulation of p-tau
and its exosomal release via the same pathway [323]. In addition, NPS 2143 appears to
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suppress the release of the proinflammatory mediators IL-6, regulated upon activation,
normal T cell expressed and presumably secreted (RANTES), soluble intercellular adhesion
molecule 1 (ICAM-1) and monocyte chemotactic protein-2 (MCP-2) in normal adult human
astrocytes [324].

TRP canonical 6 (TRPC6), a non-selective cationic channel expressed in astrocytes
with a plethora of functions in the CNS, has been implicated in the pathophysiology of
AD and other pathological processes including neuroinflammation and ischemia [325].
Hyperforin, a TRPC6 agonist, can increase intracellular calcium levels, reduce astrogliosis
and disaggregate Aβ aggregates, with effects on spatial memory [326,327]. Hyperforin
appears to reduce mushroom spine loss in both APP knock-in and presenilin mouse models
by stimulating the nSOC pathway formed by the TRPC6 and the Orai2 channels [328].
There is experimental evidence suggesting that hyperforin can reduce both tau phosphory-
lation and Aβ1–42 production in pheochromocytoma-derived PC12 cells by regulation of
the Akt-GSK3β signaling pathway [329]. Further studies could assess if a similar mech-
anism underlies its effects on astrocytes. Interestingly, tetrahydrohyperforin (IDN5706),
a semi-synthetic derivative of hyperforin, appears to decrease large Aβ deposits, reduce
oxidative damage and prevent RA inflammatory response, alleviating memory decline
evidenced during behavioral testing in APPswe and PS-1dE9 mouse models of AD [330].
In a double transgenic APPswe/PSEN1∆E9 model of AD, tetrahydroperforin decreased
proteolytic processing of APP, reduced tau hyperphosphorylation and astrogliosis [331].
Tetrahydroperforin modulates Aβ production by interacting with APP and C99, blocking
the cleavage of C99 by the γ-secretase [326].

The endocannabinoid pathway in astrocytes appears to involve the regulation of
intracellular calcium levels. Both cannabinoid receptors 1 (CB1) and 2 (CB2) are expressed
in astrocytes [332], suggesting that endocannabinoids and cannabinoid agonists may be
interesting astrocytic therapeutic approaches in AD. CB1 is expressed in physiological
conditions [333,334], while CB2 appears to be expressed as a result of Aβ-derived neu-
roinflammation [335]. Regarding possible therapeutic agents, WIN 55,212-2, a synthetic
cannabinoid that acts as an agonist of both CB1 and CB2, increased antioxidant agents and
the anti-inflammatory response in rat astrocytes exposed to Aβ1–42 [336]. Interestingly, the
phytocannabinoid cannabidiol (CBD) appears to reduce GFAP, IL-1β and iNOS expression
in mice exposed to Aβ1–42 [337]. Some authors suggest that, regarding CBD treatment
in AD models, both the observed decrease in reactive gliosis and in neurodegeneration
are dependent on PPARγ pathway activation (PMID: 22163051), which is also involved in
calcium signalling [338].

The purinergic P2Y1 receptor (P2Y1R) has a prominent role in glial calcium signalling
and AD pathology, including Aβmetabolism, neuroinflammation and neurovascular cou-
pling [339,340]. There is evidence of enhanced calcium signalling in mouse models of AD
where P2Y signalling is associated with the release of ATP from RA [341]. Chronic treat-
ment with MRS2179, an P2Y1R antagonist, returned hyperactive astrocytes to control levels
and normalized astroglial network activity, diminished neuronal network dysfunction and
improved synaptic plasticity in APP/PS1 mice [342]. These protective effects are indepen-
dent of amyloid burden, but the modified morphological changes of RA were observed
close to senile plaques. However, the same authors established that the beneficial effects of
MRS2179 are not dependent on signalling pathways downstream of P2Y1R in astrocytes.

Cellular calcium regulation is affected by many pathophysiological processes involved
in AD, including Aβ deposits, neuroinflammation and tau. In turn, the resultant calcium
dysregulation in both neurons and astrocytes appears to have important effects on behav-
ioral alterations and cognitive decline related to the natural course of the disease. Further
studies are needed in order to better elucidate the causal relationship between calcium
dysregulation and AD. However, it should be noted that these calcium-acting therapeu-
tic approaches appear to reduce and reverse many of the pathological processes of the
disease, including RA response and astrogliosis, reduction in oxidative damage, decrease
in proinflammatory cytokine release, reduction in intracellular accumulation and hyper-
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phosphorylation of tau, and disaggregation of Aβ plaques. Interestingly, since calcium
dysregulation is also involved in abnormal glutamate astrocytic release, interventions in
these pathways could be an indirect form of reducing glutamate-mediated excitotoxicity.
These findings suggest that astrocytic calcium regulation can be an important therapeutic
option that can have an impact in many of the pathological changes of the disease, and that
it should be explored in future experiments.

3.10. Melatonin-Based Interventions

Decreased levels of melatonin have been found in cerebrospinal fluid of AD patients,
which continue to decline as the disease progresses [343]. Thus, melatonin supplemen-
tation has proven useful in the circadian rhythm regulation, contributing to cognitive
function improvement [344]. In contrast, inhibition of melatonin synthesis increases tau
phosphorylation and Aβ toxicity [345]. To exemplify, Zhang and colleagues [346] studied a
rat model injected with Aβ1–42 intracerebroventricularly 24 h after melatonin administra-
tion, demonstrating improved synaptic function, attenuation of astrogliosis and enhanced
spatial memory. The same study identified a significant decrease in GFAP expression
in neuron-astrocyte co-culture injected with both Aβ1–42 and melatonin. The proposed
mechanism for which this is obtained is through the inhibition of Notch1 signalling path-
way [346]. Moreover, melatonin has shown to attenuate kainic acid-induced astrocyte
responses determined by immunohistochemical detection of GFAP, possibly by antioxidant
and anti-inflammatory actions [347].

Out of the three subtypes of melatonin receptors, MT1 and MT2 predominate in
astrocytes and microglia compared to neurons [348]. Multiple signalling pathways depend
on the activation of such receptors, including a disintegrin and metalloproteinase domain-
containing protein 10 (ADAM10), BACE1 and GSK-3 which decrease Aβ synthesis and
enhance Aβ clearance [349]. Ramelteon, a highly selective MT1 and MT2 agonist, has
been proposed as a potential therapeutic agent in AD [350]. However, no studies were
found regarding its specific action in an astrocytic AD model. Furthermore, Xiang and
colleagues [351], evaluated melatonin-induced APOE expression in mouse astrocytes,
demonstrating an increase in APOE expression as a result of the activation of PI3K/eNOS
signalling pathways.

Melatonin appears to modulate many of the pathophysiological alterations of AD,
including neuroinflammation and Aβ clearance, and it may also play a role in improving
cognitive functions such as spatial memory and sleep. This makes it an interesting ther-
apeutic target with multiple mechanisms of action. Future pharmaceutical approaches
could include the specific targeting of MT1 and MT2 in astrocyte models, alongside other
interventions on the Notch-1 pathway and kainic-acid astrocytic responses. However, even
with the aforementioned effects on astrogliosis and astrocyte reactivity, more evidence is
needed in order to explore the possibilities of astrocyte-centered melatonin interventions.

4. Non-Pharmacological Interventions That Impact Astrocyte Function

There are several non-pharmacological treatments that have been studied in AD such
as physical and social stimulation, diet and memory training. In a recent meta-analysis,
the potential effect of acupuncture, exercise intervention, music, cognitive therapy, and
repetitive transcranial magnetic stimulation (TCMS) was described, but with very low
quality to moderate quality of evidence [352]. As follows, we will describe the impact of
some of these AD therapies in the astrocytic function.

4.1. Physical Exercise

Physical exercise is associated with an improvement in cognitive function and as a
preventive intervention in AD [353,354]. Regarding astrocytes and physical exercise, a
recent study investigated the effect of voluntary exercise on astrocyte modulation in mice,
with increased GFAP expression being reported as a neuromodulatory response to exercise
in AD [355]. Furthermore, there were morphological changes in hippocampal astrocytes,
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which consisted of increased soma size and atrophied branches in plaque-associated RA,
alongside the restoration of reduced BDNF level in GFAP-positive astrocytes. This suggests
LTP stabilization associated with reduction in cognitive decline [356].

Most of the research into physical activity in AD has focused on the general benefits
of exercise in dementia patients. However, when taken together, the aforementioned
findings show interesting effects in the astrocyte, including effects on synaptic plasticity
and cognitive reserve. Future studies could explore the relationship of physical activity
with lactate production, since lactate metabolism in astrocytes appears to be involved in
cognitive processes such as learning and has been associated with the improved mood in
people that exercise regularly.

4.2. Dietary Approaches: Ketogenic Diet

Regarding dietary approaches, a potential role for implementing a ketogenic diet in
AD has been proposed, taking into account the bioenergetic disruption that precipitates
multiple neurological diseases. A recent study in mice showed that implementation of an
in vivo ketogenic diet increased gene expression of neuronal molecular pathways while
simultaneously suppressing their astrocytic counterparts [357]. More specifically, this
study emphasizes AD-related genes, such as Psen1, Aph1, Bace1, and Apoe, which were
upregulated in neurons, and simultaneously downregulated in astrocytes, as demonstrated
by relative mRNA expression. Regarding clinical evidence, a case report of a 59-year-old
patient with mild AD and type 2 diabetes showed that a 10-week lifestyle intervention
that included a ketogenic diet, with adherence monitored by weekly blood ketone lev-
els, showed a symptomatic improvement in AD Montreal cognitive assessments, with a
30% improvement in its score. Additionally, the patient’s memory improved, since his
ability to name animals post-intervention showed a 74% improvement compared to its pre-
intervention scores. This is by a presumed restoration of mitochondrial function secondary
to ketone body production and the monocarboxylate transporter pathway [358]. In a recent
randomized crossover trial, ketogenic diet applied in 21 AD patients, showed improve-
ments in daily function and quality of life, and possible a reduction in cardiovascular risk
factors [359].

Further studies are needed in order to recommend a ketogenic dietary approach to AD
patients. However, the differences between neuronal and astrocytic responses to high-fat,
low-carbohydrate diets show an interesting area for future research. Furthermore, the
interaction between high fat diet and specific APOE isoforms could be explored in order to
better characterize how ketonic bodies interact with altered lipid metabolism according to
the APOE alterations, and also have an individualized dietary approach.

4.3. Electromagnetic and Electric Stimulation

Electromagnetic and electric stimulation are non-pharmacological interventions in
AD [360], with important effects documented on both human and murine astrocytes. For
example, in an AD animal model (5xFAD mice), repetitive TCMS increase the drainage
efficiency of glymphatic system and meningeal lymphatics, thus reducing both Aβ deposits
and astrogliosis [361]. A 28% and 10% reduction in Aβ-induced ROS production after expo-
sure to electromagnetic fields (EMF) in rat and human primary astrocytes, respectively, has
been shown [362]. In the same study, the administration of EMF was shown to ameliorate
depolarization of the mitochondrial membrane in rat primary astrocytes exposed to Aβ1–42
and staurosporine, a protein kinase inhibitor. In fact, there is evidence of the beneficial
effects of TCMS in AD patients, from mild [363], to moderate and severe grades of disease
progression [364]. However, it is not clear if the mechanisms of the beneficial effect of
TCMS in AD involve astrocytes function directly.

The beneficial effects of electroacupuncture have been tested extensively in animal
models of AD, and include several mechanisms of action such as neuroprotective (through
anti-inflammatory and antioxidative effects), regulation of metabolism and neurotrophic
factor release, and reducing amyloid deposition [365]. In a recent study in SAMP8 mice
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showed that electroacupuncture therapy reduced Aβ accumulation, inhibited astrocyte
reactivity, and improved AQP4 polarity [366]. In a postoperative cognitive dysfunction
model in rats, it was shown that electroacupuncture may reverse cognitive impairment
reducing GFAP-positive astrocyte number in the hippocampus, modulates oxidative
stress and increase glial cell-derived neurotrophic factors [367]. However, the therapeu-
tic effect of acupuncture in patients with vascular dementia and AD has shown limited
efficacy [368,369].

Summarizing, these findings suggest that electro-magnetic stimulation might have
important effects regarding oxidative stress, mitochondrial dysfunction and clearance of Aβ.
Many specific astrocytic targets appear to respond to these interventions, including AQP4,
GFAP reactivity and the release of both ROS and many neurotrophic factors. Further studies
may explore these interventions in specific AD models, since it appears that electromagnetic
and electric stimulation seems to have transversal effects in nearly all the pathophysiological
processes involved in the disease.

A summary of the pharmacological and molecular interventions that have an effect on
astrocytes and was probed in AD models is presented in Table 1 and Figure 1.

Table 1. Astrocytic therapeutic targets and molecules used in preclinical studies of AD. In the present
table only molecules and drugs (in alphabetic order) that were probed in AD models (i.e., amyloidosis,
tauopathy or transgenic animals) and also, that modulate directly or indirectly the astrocyte activity,
were included.

Reference Therapeutic Agent Astrocytic Target and
Mechanism AD Model Therapeutic Effects

[155]
1-trifluoromethoxyphenyl-3-(1-

propionylpiperidin-4-yl)
urea (TPPU)

Blocks astroglial sEH
up-regulation, suppression of
microglial reactivity through

astrocyte-microglia

5xFAD mice

Reduction in proinflammatory
gene expression, reversion of

immune pathways
dysregulation, reduction in

gliosis, reduction in number and
size of Aβ plaques, cognitive

improvement (object recognition
test and fear conditioning

paradigm)

[370] 17-β-estradiol

Increases astrocytic glutamate
uptake by an unknown

mechanism that appears to be
independent of

estrogen receptors
Increases expression of GLT-1

and GLAST in astrocytes

AD Human astrocytes Increment glutamate reuptake
in astrocytes

[337] Cannabidiol (CBD)

Reduces GFAP, IL-1β and iNOS
expression in mice
exposed to Aβ1–42

Reduces Aβ-generated
reactive gliosis

3–5-month-old
C57BL/6J mice

Reduces neuroinflammation.
Delays onset and progression of

Aβ neurotoxicity

[213,219] Ceftriaxone
IncreaseGLT-1 expression,

glutamine synthetase and N
glutamine transporter 1

APP/PS1 mice
3xTg-AD mouse

model

Decreases cognitive impairment.
Promotes the

glutamate-glutamine cycle.
Reduces tau pathology

[167] Cornuside
AKT/Nrf2/NF-κB pathway

and reduction in
proinflammatory cytokines

3xTg-AD mice

Prevention of cognitive
impairment.

Anti-amyloid.
Reduction in tau
phosphorylation

Anti-inflammatory (reducing
IL-1β, IL-6, TNF-α levels)

Antioxidant
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Table 1. Cont.

Reference Therapeutic Agent Astrocytic Target and
Mechanism AD Model Therapeutic Effects

[137] Daphnetin

Inhibits STAT3 phosphorylation
at Ser727.

Decreases astrogliosis
(GFAP expression)

APP/PS1 mice
Reduces area and amount of Aβ
deposition, decreases the soluble

Aβ1–40 and Aβ1–42.

[233] Dymethyl fumarate

Reduction in GFAP reactivity.
Reduction in NF-κB-mediated

inflammatory response.
Activation of AMPK/SIRT-1 &

AKT/CREB/BDNF hubs

D-galactose (D-Gal)
administered to

ovariectomized (OVX)
female rats

(postmenopausal
AD model)

Ameliorated memory deficits.
Anti-inflammatory.

Antioxidant effects (via SOD
and GSH).

Reduction in
tauo-/amyloidopathy

[203,204] Edaravone

Attenuation of
endothelium/astrocyte

unit dysfunction.
Reduction in astrocytosis

(GFAP reactivity)

APP23 rodents
associated with brain

chronic
hypoperfusion

APPswe/PS1 mice

Reduction in oxidative stress
and neuroinflammation.

Improved damaged myelin
(enhancing oligodendrocytes).
Inhibition of Aβ aggregation

and reduction in tau
hyperphosphorylation

[305] Epigallocatechin gallate Increased expression of NEP
Cultured rat

astrocytes treated with
EGCG

Increased degradation of
exogenous Aß

[252] Gemfibrozil + Retinoic acid
PPARα-dependent pathway,

low-density lipoprotein
receptor, transcription factor EB

5xFAD mice

RA switched to a
neuroprotective state, lowered

Aβ in brain, increased lysosomal
astrocytic activity, increased
autophagic flux, improved

spatial learning and memory,
enhancement in cognitive

function, and reduction in Aβ
plaques in hippocampus

[371] Homoharringtonine
STAT3 signalling in glial cells
Increases SOCS3 expression in

the hippocampus.
APP/PS1 Mice

Alleviates cognitive deficits.
Reduces accumulation of Aβ1–40
and Aβ1–42 in both soluble and

insoluble forms.
Attenuates synaptic function

impairment.
Suppresses STAT3 activation and

reduces neuroinflammation

[328,329] Hyperforin

TRPC6 agonist that stimulates
activity of the nSOC pathway in

the spines
Regulates the Akt-GSK3β

signaling pathway

APP knock-in and
presenilin mouse

models

Increases intracellular calcium
levels, reduces astrogliosis,

disaggregates Aβ aggregates,
rescues mushroom spine loss
Reduces tau phosphorylation

and Aβ1–42 production in
PC12 cells

[96] IL-3

Astrocytic IL-3 induces
microglia activation and

instructs it to clear aggregates
of Aβ and tau.

5xFAD mice

Allows microglia to clear
aggregates of Aβ and tau.

Reduced memory decline and
Aβ load

[140,141] Kaempferol Complement C3 and STAT 3
pathways

AD model induced by
ICV streptozotocin in

Wistar rats

Prevents the activation of
complement C3 protein and the

generation of neurotoxic
astrocytes.

Antiamiloid, antioxidative
(increased SOD and GSH levels)

and anti-inflammatory
mechanisms

[298] L-3-n-butylphthalide AQP4 APP/PS1 mice
Reduce Aβ deposition and

enhance perivascular
localization of AQP4.
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Table 1. Cont.

Reference Therapeutic Agent Astrocytic Target and
Mechanism AD Model Therapeutic Effects

[129] LDN/OSU-0212320 Increases EAAT2 function

APPswe mice
Primary neuron and

astrocyte mixed
culture

Reduce cognitive impairment
and amyloid burden.

Prevent Aβ25–35
oligomer–induced toxicity

[228] Levetiracetam Astrocytic SV2A

Primary cultures of
human astrocytes

exposed with
oligomeric Aβ1–42

Reduction in Aβ-induced
glutamate release, reduction in

gliotransmission-
mediated excitation

[346] Melatonin Inhibition of Notch1 signalling
pathway

Mice ICV injection
with Aβ1–42

Improved synaptic function,
attenuation of astrogliosis and

enhanced spatial memory
performance, decrease in

GFAP expression

[173,174] MFG-E8 Downregulation of NF-κB and
upregulation of PI3K-Akt

Aβ1–42-activated
microglia-conditioned

medium to induce
astrocytic activation

Neuronal/glial mixed
culture exposed to

Aβ1–42

Anti-inflammatory effects on
astrocytes (modulation in IL-1α,

TNF, and C1q)
Increase microglial endocytosis

of Aβ

[147] Minocycline

Tetracycline antibiotic-protein
synthesis inhibitor and
increases expression of

anti-inflammatory genes

htau mouse AD model

Decrease in astrocytic and
caspase-3 activation. Reduction

in neuronal loss. Reduce the
number of RA, decreases the
formation of abnormal tau
species and attenuated the

production of
proinflammatory cytokines

[342] MRS2179 P2Y1R antagonist

Mice with human
KM67/671NL

mutation in APP and
human

L166P-mutated PS1

Increase density and branches
length of astrocytic process and
points of terminal process close

to senile plaques.
Preserve

structural synaptic integrity

[295] n-3 polyunsaturated fatty
acids (PUFA) AQP4 fat-1 mice C57BL/6

(ICV Aβ injection)

Promote interstitial Aβ clearance.
Inhibit astrocyte activation

and protect the AQP4
polarization

[308,309] NB-02 (previously known as
DA-9803)

Mechanism of action under
study. Authors suggest that it
could be acting by decreasing

Aβ oligomerization and
production while increasing

clearance.

APP/PS1 mice,
5xFAD mice

Halts amyloid plaque
deposition, preserves neuronal
calcium homeostasis, restores
spine density, alters astrocytic

morphology, induces a
phagocytic state in microglia

[322–324] NPS2143 (CaSR negative
allosteric modulator)

CaSR signaling secretion of
proinflammatory agents

Suppresses astrocytic Aβ1–42 by
CaSR signaling.

Aβ25–35-exposed
human cortical

astrocytes
Normal human adult

astrocytes,
fAβ25–35-treated

astrocytes, HC-1A
neurons in vitro

Reduces neuroinflammation and
amyloidosis.

Reduces intracellular
accumulation and release

of p-tau.
Suppresses the release of IL-6,

RANTES, ICAM-1 and MCP-2.



Int. J. Mol. Sci. 2022, 23, 13630 26 of 43

Table 1. Cont.

Reference Therapeutic Agent Astrocytic Target and
Mechanism AD Model Therapeutic Effects

[189] Phloroglucinol Inhibits the generation of ROS
Oligomeric forms of
Aβ1–42 in astrocyte

cultures

Enhancing antioxidant enzymes
expression such as SOD

and GSH.
Inhibits astrocytes activation

induced by Aβ

[301] Pioglitazone Increased LRP1 expression

Senescence-
accelerated mouse
prone-8 (SAMP8)

mice model

Reduction in Aß deposits and
Aß1–40 levels improved

performance in water maze test

[211] Riluzole Increase EAAT2 expression APPswe/PS1dE9 mice
Prevent cognitive impairment

and synaptic plasticity changes
induced by early stress

[236] Roscovitine CDK inhibitor with affinity
for CDK5 SAMP8 mice

Reverses morphological changes
produced by glutamate

excitotoxicity

[132] SH-4-54 (STAT3
phosphorylation site inhibitor)

C3aR1-STAT3 signaling
mediated astrogliosis and

astrocyte reactivity
PS19 mice

Reduction in neuroinflammation
and partial rescue of tau

pathology

[307] Sirtuin 1 (SIRT 1)

Promotes oligomeric Aß
degradation in astrocytes by

deacetylation of
lysosome-related proteins and

upregulation of total
lysosome number

Astrocyte
culture of Sprague
Dawley rats cortex

samples.

Reduction in Aß deposits

[159,163,165] Sulforaphene Inhibition of NF-κB and
stimulation of Nrf2 pathways

AD-Like pathology
model induced by
streptozotocin and
N2a/APPswe cells

Anti-inflammatory and
antioxidant effects. Inhibited the
phosphorylation of tau protein
and improved cognitive deficit

in memory function.

[246,247] Taurine

Produced and released as
gliotransmitter by astrocytes.

Activates GABAA and glycine
receptors, and serves as

GABAB agonist

APP/PS1 transgenic
AD mouse

Homeostatic and
neuroprotective effects.

Regulates intracellular calcium
levels, binds to oligomeric Aβ

and helps to decrease tau
phosphorylation

[263] TO901317
Astrocytic LXR agonist

Increase ABCA1 and APOE
expression in astrocytes

APP/PS1 mice
Increase phagocytosis of Aβ by

microglial activity.
Improve spatial learning

[326,330,331] Tetrahydroperforin (IDN5607)

TRPC6 agonist that acts by
modulating Aβ production,

interacting with APP and C99,
and blocking the cleavage of

C99 by the γ-secretase

APPswe and PS-1dE9
mouse models

Prevents RA inflammatory
response, decreases large Aβ

deposits., reduces damage
caused by oxidative stress,
alleviates memory decline

[336] WIN 55,212-2 CB1 and CB2 receptors Astrocytes exposed to
Aβ1–42

Prevented the elevation of TNF
and IL-1β, p-65, COX-2 and

iNOS proteins.
Increased cell viability
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Figure 1. Schematic representation of the main pathophysiological astrocytic-based mechanisms in 
AD. Therapies associated with their respective targets are illustrated. Most of the molecules de-
scribed here have several action mechanisms (including reduced GFAP expression and glial reac-

Figure 1. Schematic representation of the main pathophysiological astrocytic-based mechanisms in
AD. Therapies associated with their respective targets are illustrated. Most of the molecules described
here have several action mechanisms (including reduced GFAP expression and glial reactivity),
however, they have a main target in the astrocyte. Those molecules whose main action mechanism
involve major morphological changes were described separately. Abbreviations: apolipoprotein E
(APOE); aquaporin 4 (AQP4); blood–brain barrier (BBB); cannabidiol (CBD); excitatory amino acid
transporters (EAAT); neurovascular unit (NVU); n-3 polyunsaturated fatty acids (PUFA); receptor
for advanced glycation end products (RAGE); sirtuin 1 (SIRT 1); signal transducer and activator of
transcription 3 (STAT-3): transcranial magnetic stimulation (TCMS); 1-trifluoromethoxyphenyl-3-
urea (TPPU).
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5. Conclusions

Considering the limitations of the existing AD clinical studies and preclinical models,
new approaches have to be implemented. In this regard, astrocyte-focused therapies need
to be considered as an important alternative to current AD treatments. These should include
interventions aimed to modify neuroinflammation, improve lipid metabolism (alongside
with APOE function), and enhance glymphatic system function, among others. Astrocytes
must be considered as a key agent in future AD therapeutic approaches due to their crucial
role in CNS homeostatic control and the evidenced participation in several aspects of
the disease. New targets and mechanisms reviewed here include the up-regulation of
EAAT2 or GLT-1 expression, modulation of RAGE-NF-κB and Notch1 signaling pathways,
inhibition of the C3/STAT3 pathways, the regulation of the PPARα-dependent pathway, an
augmented release of astrocytic IL-3, the up-regulation of SOCS3, the astrocytic SV2A, an
indirect modulation of the microglia response, and other astrocyte-specific factors. Since
AD is a multifactorial disease, combined therapies with different mechanisms of action
(for instance, an inhibitor of RAGE/NF-κB pathway together with a ROS scavenger) may
enhance the therapeutic effects of astrocytes in early stages of AD. Additional characteristics
of astrocyte-based therapies include numerous effects involving not only glial, but also
neuronal and vascular function, together with the modulation of tau phosphorylation
and amyloid metabolism. Potential future therapies based on the regulation of astrocyte
function could include selective modification of specific gene expression through viral
vectors with certain tropism to astrocytes, nanoparticle-delivered astrocytic molecules that
cross BBB, extracellular vesicles directed to the SNC that improve astrocyte homeostasis,
hybrid drugs with integrated action mechanisms, cell replacement therapy (i.e., graft of
astrocytes with a neuroprotective profile), perfusion with glia-conditioned medium derived
from astrocytes and molecular induction of astrocytes in a physiological state which may
reverse or halt pathological changes in AD.
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